Introduction that shares several features in common with synaptic LTD, namely a requirement for Ca 2ϩ , AMPA receptor In the cerebellum, long-term depression (LTD) of synapand mGluR1 activation, the GluR␦2 subunit, and PKC tic transmission between parallel fibers and Purkinje ; Kasono cells represents a form of plasticity that may be relevant Shigemoto et al., 1994; Hirano et al. , to certain types of motor learning (Ito, 1989; Thompson, 1995 Thompson, ). 1986 ). In accordance with earlier theoretical predictions
The pathway through which receptor-coupled events (Marr, 1969; Albus, 1972) , it can be observed following are transduced into loss of AMPA receptor sensitivity a brief period of simultaneous activity in the two excitais not understood. A hitherto unexplored possibility, one tory inputs to Purkinje cells, climbing fibers, and parthat is examined in the present study, is that proteinallel fibers (Ito et al., 1982; Ekerot and Kano, 1985; Sa- tyrosine kinases (PTKs) are involved. PTKs comprise kurai, 1987) .
two main classes, receptor-coupled and nonreceptor Only a single climbing fiber innervates each adult kinases. The former are linked to neurotrophin or growth Purkinje cell, yet through multiple synapses that utilize factor receptors and regulate cellular survival, growth, the ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic and differentiation (van der Geer et al., 1994 ; Schlesacid (AMPA) subtype of glutamate receptor (Konnerth singer and Ullrich, 1992) . Nonreceptor PTKs are compoet al., 1990; Perkel et al., 1990) , it is powerful enough nents of intracellular signaling cascades, but their functo trigger opening of voltage-dependent Ca 2ϩ chantions in nervous tissue are unclear. Previous studies nels, leading to the generation of Ca 2ϩ -dependent denhave indicated that they participate in hippocampal synaptic plasticity (O'Dell et al., 1991; Grant et al., 1992; dritic action potentials (Lliná s and Sugimori, 1980) and EPSPs. Unless otherwise stated, in this and all subsequent graphs, all data have been normalized to the mean initial slope value during the first 10 min of recording. The EPSPs shown were recorded 10 min into the experiment, 5 min following S1, and 20 min following S2. In these and all subsequent examples, each trace is an average of six successive responses. (B) Pooled data, mean Ϯ SEM, from six control experiments performed as in (A). The effects of S1 and S2 were 105% Ϯ 6% and 102% Ϯ 4%, at t ϭ 23 and t ϭ 35 min, respectively, of baseline. (C) Pairing (P) S1 and S2 results in LTD of the EPSP initial slopes. The EPSPs shown are superimposed examples recorded 10 min into the baseline recording and 10 min following pairing (P). (D) Pooled results of the paired stimulation, mean Ϯ SEM; n ϭ 7. The effect of pairing (P), at t ϭ 40 min, was a 27% Ϯ 4% depression of baseline. Abe and Saito, 1993) and may also play a role in the showed that separate delivery of the two stimuli did not elicit LTD (n ϭ 6, Figures 1A and 1B ). regulation of current flow through ligand-gated (Hopfield et al., 1988; Wang and Salter, 1994; Moss et al., 1995; Valenzuela et al., 1995) and voltage-gated (Huang et al., Tyrosine Kinase Inhibitors Block 1993; Lev et al., 1995) ion channels.
Pairing-Induced LTD The highest overall PTK activity in the rat brain is Lavendustin A is an irreversible PTK inhibitor, thought found in the cerebellum (Hirano et al., 1988; to act by allosterically reducing the binding affinity of al., 1991), with Purkinje cells selectively expressing a PTK for both ATP and its substrate (Hsu et al., 1991) . It neuronal isoform of c-src PTK, pp60 c-src(ϩ) (Sugrue et al., has been shown to inhibit potently pp60 c-src(ϩ) PTK (O'Dell 1990), and pp62 c-yes (Zhao et al., 1991 (Zhao et al., ), another member et al., 1991 , with no inhibition of PKC, protein kinase A of the src family of PTKs. Purkinje cells are also rich in (PKA) or Ca 2ϩ /calmodulin-dependent protein kinase II tyrosine phosphatase (Levy et al., 1993) , the enzyme at the highest concentration tested (100 M; Onoda et required to reverse any tyrosine phosphorylations peral., 1989; O'Dell et al., 1991) . formed by PTKs. Our experiments suggest that PTK is When included in the recording electrode, lavendustin required for LTD at parallel fiber-Purkinje cell synapses A (1 mM) did not affect baseline synaptic transmission. and, in addition, that the persistent depression of synapHowever, upon conjunctive stimulation, no LTD was obtic transmission brought about by stimulation of PKC is served (Figures 2A and 2B ). Purkinje cells retained the similarly dependent on PTK activity. ability to fire Ca 2ϩ spikes in the presence of lavendustin A (Figure 2A) Figures 2C and 2D ). In two perimental Procedures) resulted in a 20%-30% reduccells, dimethylsulphoxide (DMSO; 0.5%), the vehicle for tion in the initial slopes of the EPSPs in all Purkinje both lavendustin A and B, was included in the recording cells tested (n ϭ 7, Figures 1C and 1D ). There were no electrode. No effect upon LTD was observed (data not consistent changes in input resistance associated with induction of LTD (data not shown). Control experiments shown). To examine further the role of PTKs in LTD, a different occludes the depression produced by combined Purkinje cell depolarization and glutamate application (Lininhibitor was used. Herbimycin A is not only structurally unrelated to lavendustin A, it is also mechanistically den and Connor, 1991). In cerebellar slices, phorbol esters have also been shown to reduce firing induced distinct in that it binds to thiol groups on the enzyme (Fukuzawa et al., 1991 (Fukuzawa et al., , 1994 . It has been found to inhibit in Purkinje cells by iontophoretically applied glutamate (Cré pel and Krupa, 1988) . To determine the relevance irreversibly pp 60v-src PTK activity in low M concentrations (Uehara, et al., 1989) , with no inhibitory activity of these findings to LTD of synaptic responses in slices, phorbol-12,13-dibutyrate (PDBu, 0.1-1 M) was applied against PKC or PKA in concentrations up to 350 M (Fukuzawa et al., 1991) . Owing to poor solubility in the by bath perfusion. In all cells tested, the EPSP was not depressed, but electrode solution (2 M KCl), it was dissolved directly into the Krebs solution to give a concentration of 50 instead, was enhanced sufficiently to generate spikes in three out of the four cells. The data shown in Figure  M . Slices were preincubated for 90 min in this solution before being transferred to the recording chamber and 4A are from the cell that did not fire action potentials. A considerable increase in the EPSP initial slope was perfused with the normal Krebs solution (see Experimental Procedures) . In all cells tested, preincubation apparent (53% at t ϭ 35 min, with respect to baseline) with herbimycin A blocked pairing-induced LTD (Figure within 5 min of the PDBu (0.1 M) application. This en-3B) without affecting baseline synaptic transmission or hancement was probably due to a presynaptic effect of the ability of the Purkinje cells to generate Ca 2ϩ spikes the phorbol ester (Malenka et al., 1987) acting to in-( Figure 3A ). An identical 90 min pre-incubation procecrease neurotransmitter release (Terrian, 1995) . To try dure with herbimycin A-free Krebs solution did not affect to circumvent this, the selective PKC activator, (Ϫ)-indo-LTD (23% Ϯ 5% reduction in EPSP slope, n ϭ 3).
lactam V (1 mM; Fujiki et al., 1984; Golard et al., 1993) , was included in the recording pipette. Within several minutes, a run-down in the EPSP initial slope was apparAn Interaction between PTKs and PKC ent that reached a stable level ‫%54ف(‬ of starting value, Is Required for LTD n ϭ 7) around 30 min into the recording and that ocIn Purkinje cells maintained in tissue culture, bath applicluded pairing-induced LTD (Figures 4D and 4E ; n ϭ 4). cation of PKC-activating phorbol esters induce a depression of AMPA receptor-mediated currents, which
No change in input resistance or the ability of the cells to from controls ( Figure 4B ; 24% Ϯ 7% reduction in EPSP slope, n ϭ 3).
To study the possible interaction of PTKs with PKC in the process of LTD, slices were preincubated in herbimycin A (50 M) for 90 min, as before. These slices were then used for recordings with (Ϫ)-indolactam V-containing electrodes. In contrast with previous experiments ( Figures 4D and 4E) , cells from slices pretreated with herbimycin A failed to show depression ( Figure 5 ). As expected from herbimycin A treatment alone, conjunctive stimulation also did not elicit LTD ( Figure 5 ).
Discussion
Through the use of selective inhibitors, we have provided evidence that PTK activity is necessary for LTD at parallel fiber-Purkinje cell synapses. Moreover, we have shown that activation of PKC produces a depression of synaptic transmission that occludes LTD and that is also dependent on PTK activity. These findings add an important new element to current hypotheses concerning the intracellular mechanisms underlying this synaptic phenomenon, and taken together with data supporting a role for PTK in hippocampal long-term potentiation (O'Dell et al., 1991; Grant et al., 1992; Abe and Saito, 1993) , suggest that PTKs may be of widespread importance in the mechanisms leading to plastic changes at central synapses.
The experimental protocol used (pairing Ca 2ϩ spiking with 1 Hz parallel fiber stimulation) consistently produced LTD amounting to an approximately 25% reduction in the initial slope of the parallel fiber EPSP. This value accords with previous findings using a closely similar paradigm (Daniel et al., 1992) or one in which climbing fibers and parallel fibers were costimulated (Sakurai, 1987; Hartell, 1994a Hartell, , 1994b . That neither procedure on its own generated LTD is consistent with the notion that the initiation of LTD requires that the rise in postsynaptic Ca 2ϩ brought about by Ca 2ϩ spiking is temporally correlated with activation of AMPA receptors and mGluRs at parallel fiber synapses Daniel et al., 1992; Hartell, 1994a; Hé mart et al., 1995) . Binding of glutamate to AMPA receptors may be necessary for those receptors to selectively undergo long-term loss of sensitivity (Hé mart et al., 1995) , the resulting channel opening may be important in allowing Na ϩ entry (Linden et al., 1993) or both may occur. The pression that occluded pairing-induced LTD implicates
The effects of pairing (P), at t ϭ 40 min, were 99% Ϯ 2% of baseline a PKC, located within Purkinje cells, in the LTD pathway.
(n ϭ 4).
A likely candidate is the ␥ isoform of PKC, which is abundant in these neurons (Kose et al., 1988) . Previous experiments in which inhibitors of PKC blocked LTD fire Ca 2ϩ spikes was associated with the (Ϫ)-indolactam Hartell, 1994a) and PKC-V-induced run-down (data not shown). The inactive steactivating phorbol esters caused a depression of Purreoisomer, (ϩ)-indolactam V neither produced a runkinje cell responses to exogenous glutamate (Cré pel down ( Figure 4C) , an inactive analog of the alkaloid PKC activator (Ϫ)-indolactam V, in the recording pipette, has no effect upon baseline EPSPs, or upon pairing-induced LTD. Note that here, and in (C)-(E), EPSP initial slopes were normalized to the mean value during the first min of recording to monitor the drug effects during diffusion from the electrode. The superimposed EPSPs were recorded 1 min into baseline recording, and 10 min following the pairing protocol (P). (C) Pooled data (mean Ϯ SEM) for cells recorded with (ϩ)-indolactam V (1 mM) in the recording pipette. The effect of (ϩ)-indolactam V, at t ϭ 30 min, was 100% Ϯ 9% of baseline (n ϭ 6). (D) (Ϫ)-indolactam V (1 mM) in the recording pipette causes a run-down of the baseline EPSPs, which occludes pairing-induced (P) LTD. The superimposed EPSPs were recorded 1 min and 35 min into baseline recording, and 10 min after pairing (t ϭ 50). (E) Pooled data (mean Ϯ SEM; n ϭ 7 up to t ϭ 40; n ϭ 4 from t ϭ 41 up to t ϭ 60) for cells recorded with (Ϫ)-indolactam V in the recording pipette. The effect of (Ϫ)-indolactam V, 30 min into the recording, was a 46% Ϯ 6% depression of baseline.
The effect of the PTK inhibitors on synaptic LTD variant of pp60 c-src . In other cell types, pp60 c-src PTK can be activated by PKC and Ca 2ϩ (Zhao et al., 1992 ; Liebenevoked both by conjunctive stimulation and by PKC activation raises several questions, including those conhoff et al. Falet and Rendu, 1994) and evidence exists that a similar activation mechanism operates in cerning the location of the relevant PTK enzyme, the mechanism of its activation, the nature of the interplay neurons. Thus, in hippocampal cells, membrane depolarization, or activation of AMPA receptors or mGluRs, between PTK and PKC, and the function of PTK activity in LTD.
leads to rapid, Ca 2ϩ -dependent tyrosine phosphorylation, which is blocked by PKC inhibitors, and which Because one of the PTK inhibitors used, lavendustin A, was effective when administered via the recording could be mimicked by PKC activators and a Ca 2ϩ ionophore (Siciliano et al., 1994) . It is an attractive hypothesis electrode, it is highly probable that the operative PTK is within Purkinje cells themselves. Due to polar moiethat during the induction of LTD, nonreceptor PTKs analogous (or identical) to pp60 c-src(ϩ) are activated as a result ties, the inhibitor is not predicted to cross membranes easily, which is presumably why long incubation periods of stimulation of mGluR1 at parallel fiber synapses, possibly in concert with the raised intradendritic Ca 2ϩ are apparently required to observe effects of lavendustin A when it is applied extracellularly (O'Dell et al., 1991) . A brought about by Ca 2ϩ spiking . A sequential activation of PKC and PTK during induction postsynaptic site of action of lavendustin A also accords with the known distribution of PTKs in the cerebellum of LTD provides a parsimonious explanation of our results. Other possibilities, however, including conver- (Sugrue et al., 1990; Zhao et al., 1991 Linden, personal communication) .
Protein phosphorylation through PTKs can engage further kinase cascades leading to diverse biological effects. Growing evidence suggests that PTK phosphorylation can directly modulate ligand-gated or voltagegated ion channels. Examples include nicotinic acetylcholine receptors (Huganir, 1991) , GABA A receptors (Moss et al., 1995; Valenzuela, et al., 1995) , NMDA receptors (Wang and Salter, 1994) , and K ϩ channels Lev et al., 1995) . In the case of nicotinic receptors, tyrosine phosphorylation markedly increases the rate of fast desensitization (Hopfield et al., 1988 ). An AMPA receptor subunit expressed at parallel fiberPurkinje cell synapses (GluR1, Baude et al., 1994) can undergo tyrosine phosphorylation (Moss et al., 1993) , but the functional consequences are unknown. If it causes a reduced AMPA receptor sensitivity, direct tyrosine phosphorylation of the AMPA receptor would be an attractive mechanism to explain the expression of LTD. An additional putative target for PTK is the GluR␦2 subunit. On its own, this subunit has no channel function (Araki et al., 1993; Lomeli et al., 1993) . However, it does possess a consensus sequence for tyrosine phosphorylation between amino acids Lys 674 and Gly 681 (Hunter, 1982; Patschinsky et al., 1982; Araki et al., 1993; Lomeli et al., 1993) , is highly concentrated in Purkinje cells (Araki et al., 1993; Lomeli et al., 1993) , and is involved both in synaptic LTD and in the enduring loss of glutamate responsiveness induced by combined depolarization and glutamate application (Hirano et al., 1995; Kashiwabuchi et al., 1995) .
Experimental Procedures
Sagittal slices, 350 m thick, were cut from the midvermis of the cerebellum of 14-to-16-day old Wistar rats in a cold (‫7ف‬ЊC), oxygenated (95% O 2/5% CO2) Krebs solution, comprising: 120 mM NaCl, Figure 5 . Herbimycin A Prevents (Ϫ)-Indolactam V-Induced De-2 mM KCl, 26 mM NaHCO 3 , 2 mM KH 2 PO 4 , 2 mM CaCl 2 , 1.2 mM pression of the Parallel Fiber-Mediated EPSPs MgSO 4, 11 mM D-glucose. The slices were immediately transferred (A) (Ϫ)-Indolactam V (1 mM) in the recording pipette does not cause to a holding chamber and allowed to recover for at least 90 min at rundown when slices are preincubated for 90 min in the selective room temperature (21ЊC-24ЊC). A slice was then transferred to a tyrosine kinase inhibitor, herbimycin A (50 M). EPSPs were normalrecording chamber, in which it was kept in position by strands of ized as in Figure 4B . Superimposed EPSPs were recorded 1 min tungsten wire held in a stainless steel frame and superfused with into baseline and 20 min following pairing (P).
the solution at a rate of 1.5 ml/min. The temperature of the chamber (B) Pooled data (mean Ϯ SEM) for experiments performed as in (A).
was maintained at 30ЊC-32ЊC. To abolish inhibitory GABA A receptorThe effects of pairing (P), at t ϭ 40 min, were 114% Ϯ 6% of baseline mediated synaptic transmission, bicuculline (30 M) was added to (n ϭ 4). the perfusate. A chromel wire bipolar stimulating electrode ‫2.0ف(‬ mm external diameter) was positioned in the molecular layer of one folium, usually Lobule IX. A borosilicate glass (Clarke Electromedical) sharp micrononspecific pharmacological effects, interfere with electrode (60-90 M⍀), filled with 2 M KCl, was aligned with the mGluR1 signaling. However, herbimycin A and other Purkinje cell layer of the lobule under investigation, close to the PTK inhibitors are ineffective in blocking [Ca 2ϩ ]i elevastimulating electrode. The microelectrode was then gradually driven tions mediated through G protein-linked metabotropic through the layer until a Purkinje cell was encountered. Following receptors in a variety of cell types (Dubois et al., 1994;  impalement, Purkinje cells were hyperpolarized to Ϫ80 mV. Unless otherwise specified, cells were held at this potential throughout the Grandaliano et al., 1994; Grö nroos et al., 1995) . Furtherexperiment. more, in addition to blocking LTD, herbimycin A also Ekerot, C.-F., and Kano, M. (1985) . Long-term depression of parallel mM and diluted to 50 M in the oxygenated Krebs solution (0.01% fibre synapses following stimulation of climbing fibres. Brain Res. final DMSO concentration). Slices were pre-incubated for 90 min at 342, 357-360. 24ЊC in 2.4 ml of the oxygenated, bicarbonate-buffered Krebs solution containing herbimycin A (50 M), at physiological pH, in a shakFalet, H., and Rendu, F. (1994) . Calcium mobilisation controls tyrosine protein phosphorylation independently of the activation of proing water bath. Control experiments with herbimycin A-free Krebs solution used an identical bathing medium.
tein kinase C in human platelets. FEBS Lett. 345, 87-91. Lavendustin B, (Ϫ)-indolactam V, and (ϩ)-indolactam V were from Fujiki, H., Suganuma, M., Nakayasu, M., Tahira, T., Endo, Y., Shuda, Calbiochem; lavendustin A and herbimycin A were from GIBCO; K., and Sugimura, T. (1984) . Structure-activity studies on synthetic bicuculline methylchloride was obtained from Tocris-Cookson; analogues (indolactams) of the tumor promoter teleocidin. Gann 75, phorbol-12,13-dibutyrate was from Sigma; all other reagents were 866-870. obtained from BDH.
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